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Finite element analysis of balloon-expandable coronary stent
deployment: Influence of angioplasty balloon configuration
David Martin*,† and Fergal Boyle
Department of Mechanical Engineering, Dublin Institute of Technology, Ireland
SUMMARY
Today, the majority of coronary stents are balloon-expandable and are deployed using a balloon-tipped
catheter. To improve deliverability, the membrane of the angioplasty balloon is typically folded about the
catheter in a pleated configuration. As such, the deployment of the angioplasty balloon is governed by the
material properties of the balloon membrane, its folded configuration and its attachment to the catheter.
Despite this observation, however, an optimum strategy for modelling the configuration of the angioplasty
balloon in finite element studies of coronary stent deployment has not been identified, and idealised models
of the angioplasty balloon are commonly employed in the literature. These idealised models often neglect
complex geometrical features, such as the folded configuration of the balloon membrane and its attachment
to the catheter, which may have a significant influence on the deployment of a stent. In this study, three
increasingly sophisticated models of a typical semi-compliant angioplasty balloon were employed to deter-
mine the influence of angioplasty balloon configuration on the deployment of a stent. The results of this study
indicate that angioplasty balloon configuration has a significant influence on both the transient behaviour of
the stent and its impact on the mechanical environment of the coronary artery. Copyright © 2013 John Wiley
& Sons, Ltd.
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1. INTRODUCTION
Coronary heart disease, which refers to the failure of the coronary circulation to provide an adequate
supply of oxygenated blood to the heart, is currently one of the most common causes of mortality
in the developed world [1]. Over the past two decades, however, percutaneous transluminal coro-
nary angioplasty (PTCA) with either bare-metal or drug-eluting balloon-expandable coronary stent
deployment has emerged as an effective treatment for coronary heart disease. For most patients who
suffer from coronary heart disease, treatment with a stent results in favourable clinical results. For a
small subset of patients, however, re-narrowing of the treated artery is observed at follow-up [2–6].
This re-narrowing of the treated artery is referred to as in-stent restenosis, which is typically defined
as the presence of a  50% diameter stenosis in the stented segment of the artery at follow-up [7].
In-stent restenosis is primarily attributed to neointimal hyperplasia, which refers to the uncontrolled
proliferation and migration of smooth muscle cells and the associated synthesis and deposition of
extracellular matrix within the intimal layer of the artery wall [8, 9].
In recent years, a number of factors linked to stent design and deployment have been associ-
ated with the development of neointimal hyperplasia following treatment with a stent. Endothelial
denudation and arterial injury incurred during stent deployment has been strongly linked to
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neointimal hyperplasia at follow-up [10]. Stent-induced disruption to local vessel hemodynamics
has also been associated with dysfunction of the vascular endothelium and subsequent neointimal
hyperplasia at follow-up [11]. Finally, the material properties and surface roughness of the stent
have been found to influence the severity of the inflammatory response in the artery wall following
stent deployment [12]. As these factors are strongly linked to the design of the stent, research in this
area is currently centred on the optimisation of stent performance through the identification of high-
strength stent materials, improved stent platforms, potent anti-proliferative and anti-inflammatory
stent coatings, biocompatible and bioabsorbable carrier materials and novel means of drug-
delivery [13].
Because of the difficulty and expense involved in the evaluation of stent performance, numerical
methods of analysis have emerged in recent years as powerful investigative tools for stent design and
optimisation. To date, a significant number of studies have employed numerical methods of analy-
sis to investigate various aspects of stent performance such as stented-artery hemodynamics, mass
transport from drug-eluting stents and the degradation of bioabsorbable stents [14–26]. Because of
the strong correlation between stent-induced arterial injury and subsequent neointimal hyperplasia,
however, the majority of these studies have focused on investigating stent deployment character-
istics and the impact of stent deployment on the mechanical environment of the coronary artery
[27–50]. These studies are typically conducted using the finite element method and are reviewed in
detail elsewhere [51]. The finite element method is a well-established numerical technique that is
generally employed to obtain approximate numerical solutions to intractable analytical problems.
Today, the majority of coronary stents are balloon-expandable and are deployed using a balloon-
tipped catheter [52]. To improve deliverability, the membrane of the angioplasty balloon is generally
folded about the catheter in a pleated configuration. As a result, the deployment of the angioplasty
balloon is governed by the material properties of the balloon membrane, its folded configuration
and its attachment to the catheter. To date, an optimum strategy for modelling the configuration of
the angioplasty balloon in finite element studies of coronary stent deployment has not been iden-
tified, and idealised models of the angioplasty balloon are commonly employed in the literature
[28, 31, 32, 36, 37, 39, 42, 45, 49]. These idealised models often neglect complex geometrical fea-
tures, such as the folded configuration of the balloon membrane and its attachment to the catheter.
It is possible that these features have a significant influence on both the deployment characteris-
tics of the stent and its impact on the mechanical environment of the coronary artery. Despite this
observation, however, the influence of these geometrical features has not been investigated.
In this study, three increasingly sophisticated finite element models of a typical semi-compliant
angioplasty balloon were employed to determine the influence of angioplasty balloon configuration
on the deployment of a coronary stent. Both the free deployment of the stent and its deployment
within an idealised model of a coronary artery was investigated using (a) an idealised non-folded
model, (b) an idealised folded model and (c) a state-of-the-art folded model of a semi-compliant
angioplasty balloon. By comparing the results from the analyses, the influence of the folded con-
figuration of the balloon membrane and its attachment to the catheter on both the deployment
characteristics of the stent and its impact on the mechanical environment of the coronary artery
was evaluated. On the basis of the results of this study, optimum strategies for modelling the config-
uration of the angioplasty balloon in future finite element studies of coronary stent deployment are
recommended.
2. MATERIALS AND METHODS
In this study, two sets of finite element analyses were performed using ABAQUS v6.11 (Dassault
Systèmes, Simulia Corporation, Providence, RI, USA). In the first set of analyses, three increasingly
sophisticated models of a typical semi-compliant angioplasty balloon were employed to investigate
the free deployment of a coronary stent. The results from these analyses were compared to deter-
mine the influence of the folded configuration of the balloon membrane and its attachment to the
catheter on the free deployment characteristics of the stent. In the second set of analyses, the three
angioplasty balloon models were employed to investigate the deployment of the same coronary
stent within an idealised cylindrical model of a coronary artery. The results from these analyses
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Figure 1. Configuration of (a) the stent, (b) the discretised stent, (c) the atherosclerotic coronary artery and
(d) the discretised atherosclerotic coronary artery.
were compared to determine the influence of the folded configuration of the balloon membrane and
its attachment to the catheter on both the magnitude and distribution of stent-induced arterial stress.
2.1. Geometry and finite element discretisation
The investigated stent resembles the balloon-expandable BX-Velocity (Cordis, Johnson & Johnson,
New Brunswick, NJ, USA) coronary stent, which has a nominal diameter of 3 mm and, as shown in
Figure 1, consists of sinusoidal strut segments that are interconnected by flexible link segments in a
closed-cell configuration. The stent was initially modelled in a planar configuration in ANSYS v13.0
(ANSYS Inc., Canonsburg, PA, USA) and discretised using 24,750 reduced-integration continuum
elements. The cylindrical configuration of the stent was then obtained by transferring nodal coordi-
nates from a Cartesian coordinate system to a cylindrical coordinate system according to a procedure
described in the literature [38]. The cylindrical configuration of the stent was then imported into
ABAQUS v6.11 for analysis. In its cylindrical configuration, the stent featured internal and external
diameters of 1.0 and 1.3 mm, respectively, which resulted in a uniform strut thickness of 0.15 mm.
The BX-Velocity stent is typically deployed using the Raptor (Cordis) PTCA balloon-tipped
catheter. The Raptor PTCA balloon-tipped catheter consists of a nylon-based angioplasty balloon
that is tri-folded about the tip of a flexible polyethylene-based catheter. The balloon-tipped catheter
is then directed through the circulatory system to the occluded segment of a coronary artery over a
thin nitinol guide wire. The tri-folded configuration of the Raptor angioplasty balloon was confirmed
by De Beule et al. from micro-CT images [32]. In its initial configuration, prior to deflation and
folding, the Raptor angioplasty balloon has a diameter of approximately 2.85 mm. This value was
identified by De Beule et al. by extrapolating to zero inflation pressure on the manufacturer’s com-
pliance chart [32]. The manufacturer’s compliance chart describes the pressure–diameter response
of the Raptor angioplasty balloon as derived from in vitro experimental measurements.
The first finite element model of the Raptor angioplasty balloon is referred to as balloon A and is
shown in its deflated configuration in Figure 2(a). For balloon A, both the tri-folded configuration
of the balloon membrane and its attachment to the catheter were neglected. The balloon membrane
was assigned a length of 10 mm, a uniform thickness of 0.02 mm and internal and external diame-
ters of 0.5 and 0.75 mm, respectively. The catheter was assigned a length of 12 mm and a diameter
of 0.5 mm. The balloon membrane was discretised using 10,000 reduced-integration membrane
elements (element type: M3D4R), and the catheter was discretised using 1920 reduced-integration
surface elements (element type: SFM3D4R). As balloon A neglects both the folded configuration of
the balloon membrane and its attachment to the catheter, it is the simplest angioplasty balloon model
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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Figure 2. Configuration of (a) balloon A, (b) balloon B and (c) balloon C prior to deflation/folding (left)
and following deflation/folding (middle). Cross-sectional profiles of the deflated/folded configuration of the
angioplasty balloon models are also shown (right).
considered in this study. Non-folded angioplasty balloon models were first proposed by Brauer et al.
and have since been employed in a number of studies throughout the literature [53].
The second finite element model of the Raptor angioplasty balloon is referred to as balloon B and
is shown in its deflated configuration in Figure 2(b). For balloon B, the tri-folded configuration of
the balloon membrane was included, but its attachment to the catheter was neglected. As with bal-
loon A, the balloon membrane was assigned a length of 10 mm, a uniform thickness of 0.02 mm and
internal and external diameters of 0.5 and 0.75 mm, respectively. The catheter was assigned a length
of 12 mm and a diameter of 0.5 mm. Again, the balloon membrane was discretised using 10,000
reduced-integration membrane elements (element type: M3D4R), and the catheter was discretised
using 1920 reduced-integration surface elements (element type: SFM3D4R). As balloon B includes
the folded configuration of the balloon membrane, it is a more advanced angioplasty balloon model
than balloon A. Folded angioplasty balloon models were first proposed by Laroche et al. and have
since been employed in a number of studies throughout the literature [54].
The third finite element model of the Raptor angioplasty balloon is referred to as balloon C and is
shown in its deflated configuration in Figure 2(c). For balloon C, both the tri-folded configuration of
the balloon membrane and its attachment to the catheter were included. The balloon membrane was
assigned a length of 12 mm, a uniform thickness of 0.02 mm and internal and external diameters of
0.5 and 0.75 mm, respectively. The catheter and guide wire were assigned lengths of 13 and 15 mm
and diameters of 0.5 and 0.2 mm, respectively. The balloon membrane was discretised using 12,462
reduced-integration membrane elements (element type: M3D4R), whereas the catheter and guide
wire were discretised using 4800 and 7488 reduced-integration continuum elements (element type:
C3D8R), respectively. Nodes located at the extremities of the balloon membrane were then attached
to the catheter using tie constraints. As balloon C includes both the folded configuration of the bal-
loon membrane and its attachment to the catheter, it is a more advanced angioplasty balloon model
than either balloons A or B. Sophisticated folded angioplasty balloon models were first proposed by
Mortier et al. and have since been employed in a number of studies throughout the literature [44].
The atherosclerotic coronary artery, shown in Figure 1, was idealised as a straight cylindrical
vessel that featured a diffuse atherosclerotic plaque at its mid-section. The artery was assigned a
length of 20 mm and internal and external diameters of 2.8 and 3.8 mm, respectively, which resulted
in a uniform wall thickness of 0.5 mm. The artery wall was partitioned into three individual layers
that represented the intimal, medial and adventitial layers of the coronary artery. The intimal, medial
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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and adventitial layers were assigned a thickness of 0.145, 0.165 and 0.19 mm, respectively, in accor-
dance with experimental measurements reported in the literature [55]. The diffuse atherosclerotic
plaque was modelled as an inner arterial layer that increased in thickness from 0.1 mm at the extrem-
ities of the artery to 0.4 mm at its mid-section. This resulted in a maximum wall thickness of 0.9 mm
and a maximum reduction in lumen cross-sectional area of approximately 50% at the mid-section
of the artery. The artery and plaque were discretised using 88,164 and 58,776 reduced-integration
continuum elements (element type: C3D8R), respectively.
2.2. Material properties
The BX-Velocity stent is manufactured from medical-grade 316L stainless-steel and, during its
deployment, undergoes significant plastic deformation. In this study, the mechanical behaviour of
the stent was described using a rate-independent elastic-plastic material model with isotropic hard-
ening. The properties used to describe the behaviour of the stent were obtained from Poncin et al.
who performed uniaxial tension tests on fully annealed samples of medical-grade 316L stainless-
steel stent tubing [56]. The elastic behaviour of the stent was described using a Young’s modulus of
193 GPa and a Poisson’s ratio of 0.3. The plastic behaviour of the stent was then described using
a multi-linear function that was characterised by a yield stress of 360 MPa and an ultimate tensile
stress of 675 MPa.
The balloon membrane, the catheter and the guide wire of the Raptor PTCA balloon-tipped
catheter are manufactured from nylon-based, polyethylene-based and nitinol-based materials,
respectively. The mechanical behaviour of these components was described using linear elastic
material models. The properties used to describe the behaviour of the balloon membrane were
obtained from De Beule et al. who employed the finite element method to investigate the deploy-
ment of balloon-expandable coronary stents [32]. The properties used to describe the behaviour
of the catheter and the guide wire were obtained from Mortier et al. who employed the finite ele-
ment method to investigate the deployment of balloon-expandable coronary stents within a coronary
bifurcation [43,44]. The elastic behaviour of the balloon membrane, the catheter and the guide wire
was described using Young’s moduli of 920 MPa, 1 GPa and 62 GPa and Poisson’s ratios of 0.4, 0.4
and 0.3, respectively.
The mechanical behaviour of the individual layers of the coronary artery is highly nonlinear
and was described using a third-order Ogden isotropic hyperelastic material model. The properties
used to describe the behaviour of the individual layers of the coronary artery were obtained from
Holzapfel et al. who performed uniaxial tension tests on circumferentially orientated samples of
human arterial tissue [55]. The mechanical behaviour of the atherosclerotic plaque is also highly
nonlinear and was described using a first-order Ogden isotropic hyperelastic material model. The
properties used to describe the behaviour of the atherosclerotic plaque were obtained from Loree
et al. who performed uniaxial tension tests on samples of human atherosclerotic tissue [57]. The
hyperelastic material constants that resulted in the best fit with the experimental data are shown in
Table I. These constants were determined using the curve-fitting tool in ABAQUS v6.11. The accu-
racy of the hyperelastic material models was then verified by performing single-element uniaxial
tension tests.
2.3. Boundary and loading conditions
The deployment of the angioplasty balloon models was simulated through the application of a uni-
form pressure load upon the inner surface of the balloon membrane. This pressure load was applied
over a first load step and then reduced to 0.01 MPa over a second load step to allow for stent/artery
recoil. In the free-deployment analyses, a pressure load of 2 MPa was employed to allow for com-
parison with the manufacturer’s compliance data. In the second set of analyses, a pressure load of
1.15 MPa was employed to ensure that the stent was deployed to its nominal diameter of 3 mm.
For balloons A and B, the extremities of the balloon membrane were constrained in the longitudinal
direction. As a result, the balloon membrane was constrained at its extremities but free to move in
both the radial and circumferential directions. For balloon C, the balloon membrane was attached to
the catheter and the nodes located at the extremities of the guide wire were fully constrained. As a
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Table I. Hyperelastic material constants used to describe the mechan-
ical behaviour of the individual layers of the coronary artery and the
atherosclerotic plaque.
Constant Intima Media Adventitia Plaque
1 5.70 MPa 1.84 MPa 1.99 MPa 0.32 MPa
2 3.58 MPa 1.12 MPa 1.20 MPa —
3 2.17 MPa 0.73 MPa 0.81 MPa —
˛1 24.43 21.71 24.61 9.25
˛2 25.00 22.00 25.00 —
˛3 23.24 21.20 23.90 —
D1 0.85 4.11 3.92 0.13
D2 0 0 0 —
D3 0 0 0 —
result, the catheter was free to move in both the radial and circumferential directions during the infla-
tion of the angioplasty balloon. Nodes located at the mid-section of the stent and at the extremities
of the artery were also constrained in both the circumferential and longitudinal directions.
2.4. Numerical aspects
All finite element analyses were completed using four compute nodes of an SGI Altix ICE 8200EX
cluster, which is administered and maintained by the Irish Centre for High-End Computing. Each
compute node consists of two Xeon E5650 hex-core processors and 24 gigabytes of RAM. As
the procedures under investigation are highly nonlinear and involve multiple contacting surfaces,
the ABAQUS/Explicit solver was employed to perform the analyses. During the analyses, contact
between each of the various components was modelled using the general contact algorithm. Friction
was also included in the analyses through the specification of a Coulomb friction model, and a static
friction coefficient of 0.2 was assumed for each set of contact pairs based on data reported in the
literature [44]. As inertia is assumed to have a negligible role in the procedures under investigation,
a quasi-static approach was adopted. According to the ABAQUS v6.11 documentation, an explicit
analysis may be considered quasi-static so long as the kinetic energy of deforming components does
not exceed 5% of their internal energy throughout the majority of the solution. This requirement was
met by specifying a solution time of three seconds in each of the analyses.
3. RESULTS AND DISCUSSION
In each of the analyses, the deployment of the stent was characterised by a rapid initial expansion
that commenced at the extremities of the stent. This phenomenon, which is commonly referred to
as dog-boning, is caused by the over-expansion of the angioplasty balloon at the extremities of the
stent and is well documented in the literature [37]. This rapid expansion progressed until the stent
achieved a uniform cylindrical configuration, and dog-boning was no longer apparent. From this
point onward, any further increase in inflation pressure resulted in only a slight increase in stent
diameter. This highly compliant response is consistent with that reported from experimental studies
of coronary stent deployment with a semi-compliant angioplasty balloon [37]. In terms of compu-
tational expense, 2.9, 3.5 and 4.3 CPU hours and 14.7, 15.6 and 16.9 CPU hours were required for
the free-deployment and artery-deployment analyses with balloons A, B and C, respectively.
3.1. Free-deployment results
The configuration of the stent and the angioplasty balloon at various stages during the free-
deployment analyses is shown in Figure 3. During its deployment, the diameter of the stent varies
quite significantly along both its length and circumference. As such, an average stent diameter was
determined at each time step. To calculate this average diameter, the radius at the individual crowns
was measured at each time step. The crowns are the curved sections of the stent struts that act as
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Figure 3. Configuration of the stent (a) prior to loading, (b) during loading, (c) at maximum loading and
(d) at unloading of (left) balloon A, (middle) balloon B and (right) balloon C during the free-deployment
analyses.
Figure 4. Pressure–diameter response of the stent during the free-deployment analyses compared with
manufacturer’s compliance data for the BX-Velocity stent.
hinges during its deployment. These values were then averaged and used to calculate the average
diameter of the stent at each time step. As shown in Figure 4, the pressure–diameter response of the
stent was in good agreement with the manufacturer’s compliance data for each of the angioplasty
balloon models. Comparing the pressure–diameter results, however, it is clear that the folded con-
figuration of the balloon membrane had a significant influence on the pressure–diameter response
of the stent. Specifically, the stent achieved a cylindrical configuration at a lower inflation pressure
with balloon A (0.38 MPa) than with either balloon B (0.47 MPa) or balloon C (0.50 MPa). As a
result, the stent achieved a greater diameter at unloading of balloon A (3.29 mm) than with either
balloon B (3.27 mm) or balloon C (3.22 mm). As the deployment of the stent was in good agree-
ment for balloons B and C, the attachment of the balloon membrane to the catheter did not have a
significant influence on the pressure–diameter response of the stent.
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To determine the influence of angioplasty balloon configuration on the free-deployment charac-
teristics of the stent, the predicted radial recoil and foreshortening of the stent was measured at
unloading of the angioplasty balloon models. Radial recoil, defined as the percentage difference
in stent diameter at maximum loading and unloading of the angioplasty balloon, was predicted at
2.54%, 2.53% and 2.55% for balloons A, B and C, respectively. Foreshortening, defined as the per-
centage difference in stent length prior to loading and at unloading of the angioplasty balloon, was
predicted at 8.13%, 8.26% and 6.33% for balloons A, B and C, respectively. Although no signifi-
cant difference was observed between the predicted rates of radial recoil for each of the angioplasty
balloon models, the foreshortening observed at unloading of balloon C was 1.80% lower than that
observed at unloading of balloon A and 1.93% lower than that observed at unloading of balloon B.
This reduction in foreshortening was attributed to the attachment of the balloon membrane to the
catheter, which was neglected for both balloons A and B.
To further investigate the influence of angioplasty balloon configuration on the free-deployment
characteristics of the stent, dog-boning was measured throughout each of the analyses. Dog-boning,
defined as the percentage difference in diameter at the proximal extremity and mid-section of the
stent, reached maximum values of 49.4%, 47.5% and 30.9% for balloons A, B and C, respectively.
Comparing the dog-boning results, shown in Figure 5, it is clear that the folded configuration of the
balloon membrane had a significant influence on the transient behaviour of the stent. Specifically,
maximum dog-boning was observed at a lower inflation pressure with balloon A (0.33 MPa) than
with either balloon B (0.44 MPa) or balloon C (0.45 MPa). Furthermore, as the maximum dog-
boning observed for balloon B was 35% higher than that observed with balloon C, the attachment
of the balloon membrane to the catheter also had a significant influence on the transient behaviour
of the stent.
As shown in Figure 6, a similar distribution of equivalent stress was predicted in the stent at
unloading of the angioplasty balloon models. In each of the analyses, peak stresses were con-
centrated in the curved crown segments of the stent that act as hinges during its deployment and
undergo significant plastic deformation. As shown in Table II, the peak stress predicted in the stent
at unloading of balloon A was 0.18% higher than that observed at unloading of balloon A and
0.84% lower than that observed at unloading of balloon C. The volume-averaged stress predicted in
the stent at unloading of balloon A, however, was 4.91% higher than that observed at unloading of
balloon B and 7.22% higher than that observed at unloading of balloon C. This difference in volume-
averaged stress was attributed to the fact that the stent achieved a greater diameter at unloading of
balloon A than at unloading of either balloons B or C. These results suggest that angioplasty balloon
configuration had a significant influence on the magnitude of stress predicted in the stent.
Figure 5. Dog-boning profiles for the stent during the free-deployment analyses.
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Figure 6. Equivalent stress distribution in the stent at unloading of (a) balloon A, (b) balloon B and
(c) balloon C in (left) the free-deployment analyses and (right) the artery-deployment analyses.
Table II. Peak and volume-averaged equivalent stress predicted within the stent at
unloading of balloons A, B and C in both the free-deployment and artery-deployment
analyses.
Peak stress Difference Volume-averaged Difference
Balloon (MPa) (%) stress (MPa) (%)
Free-deployment analyses
A 341.43 — 104.24 —
B 340.82 0.18 99.12 4.91
C 344.30 +0.84 96.71 7.22
Artery-deployment analyses
A 641.53 — 155.58 —
B 640.80 0.11 151.39 2.69
C 637.04 0.70 149.87 3.67
Note: All differences are taken with respect to balloon A.
3.2. Artery-deployment results
The configuration of the angioplasty balloon, stent and coronary artery during the artery-deployment
analyses is shown in Figure 7, and the pressure–diameter response of the stent for each of the angio-
plasty balloon models is shown in Figure 8. Comparing the pressure–diameter results, it is clear
that the folded configuration of the balloon membrane had a significant influence on the pressure–
diameter response of the stent. Specifically, the stent achieved a cylindrical configuration at a lower
inflation pressure with balloon A (0.32 MPa) than with either balloon B (0.42 MPa) or balloon C
(0.44 MPa). As a result, the stent achieved a greater diameter at unloading of balloon A (2.87 mm)
than with either balloon B (2.86 mm) or balloon C (2.84 mm). As the deployment of the stent was
in good agreement for balloons B and C, the attachment of the balloon membrane to the catheter did
not have a significant influence on the pressure–diameter response of the stent.
At unloading of the angioplasty balloon models, radial recoil was predicted at 4.67%, 4.36% and
4.39% for balloons A, B and C, respectively. Compared with the results from the free-deployment
analyses, the increase in rates of radial recoil was attributed to the elastic recoil of the artery.
Similarly, foreshortening was predicted at 4.88%, 4.75% and 4.25% for balloons A, B and C,
respectively. Compared with the results from the free-deployment analyses, the decrease in rates
of foreshortening was attributed to the development of frictional forces between the stent and the
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Figure 7. Configuration of the stent/artery (a) prior to loading, (b) during loading, (c) at maximum loading
and (d) at unloading of (left) balloon A, (middle) balloon B and (right) balloon C during the artery
deployment analyses.
Figure 8. Pressure–diameter response of the stent during the artery-deployment analyses.
artery. Dog-boning reached maximum values of 48.0%, 46.4% and 28.0% for balloons A, B and C,
respectively. Again, comparing the dog-boning results, shown in Figure 9, it is clear that the folded
configuration of the balloon membrane had a significant influence on the transient behaviour of the
stent. Specifically, the maximum dog-boning of the stent was observed at a lower inflation pressure
with balloon A (0.31 MPa) than with either balloon B (0.40 MPa) or balloon C (0.42 MPa). As the
maximum dog-boning of the stent was 40% higher at unloading of balloon B than at unloading of
balloon C, the attachment of the balloon membrane to the catheter also had a significant influence
on the transient behaviour of the stent.
As shown in Figure 6, a similar distribution of equivalent stress was predicted within the stent at
unloading of each of the angioplasty balloon models. Again, in each of the analyses, peak stresses
were concentrated in the curved crown segments of the stent, particularly in the mid-section of the
stent where the severity of the plaque was greatest. As shown in Table II, the peak stress predicted
Copyright © 2013 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Biomed. Engng. (2013)
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Figure 9. Dog-boning profiles for the stent during the artery-deployment analyses.
Figure 10. Equivalent stress distribution in the coronary artery at unloading of (a) balloon A, (b) balloon B
and (c) balloon C in the artery-deployment analyses.
in the stent at unloading of balloon A was 0.11% higher than that observed at unloading of bal-
loon B and 0.70% higher than that observed at unloading of balloon C. The volume-averaged stress
predicted in the stent at unloading of balloon A, however, was 2.69% higher than that observed at
unloading of balloon B and 3.67% higher than that observed at unloading of balloon C. As in the
free-deployment analyses, the difference in volume-averaged stress was attributed to the fact that
the stent achieved a greater diameter at unloading of balloon A than at unloading of either balloons
B or C. Again, these results suggest that angioplasty balloon configuration had a marginal influence
on the magnitude of stress predicted within the stent.
As shown in Figure 10, a similar distribution of equivalent stress was predicted within the indi-
vidual layers of the artery at unloading of each of the angioplasty balloon models. In each of the
analyses, peak stresses were concentrated in the intimal layer of the artery, particularly in the mid-
section of the artery where the severity of the plaque was greatest. As shown in Table III, the peak
stresses predicted in the individual layers of the artery at unloading of balloon A were up to 1.7%
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Table III. Peak and volume-averaged equivalent stress predicted within the individ-
ual layers of the artery at unloading of balloons A, B and C in the artery-deployment
analyses.
Peak stress Difference Volume-averaged Difference
Balloon (MPa) (%) stress (MPa) (%)
Intima
A 0.4988 — 0.1232 —
B 0.4975 0.26% 0.1184 3.90%
C 0.4519 9.40% 0.1092 11.36%
Media
A 0.0342 — 0.0109 —
B 0.0336 1.75% 0.0106 2.75%
C 0.0313 8.48% 0.0101 7.34%
Adventitia
A 0.0152 — 0.0060 —
B 0.0152 0.00% 0.0059 1.67%
C 0.0149 1.97% 0.0056 6.67%
Note: All differences are taken with respect to balloon A.
higher than those observed at unloading of balloon B and up to 9.4% higher than those observed at
unloading of balloon C. Similarly, the volume-averaged stresses predicted in the individual layers
of the artery at unloading of balloon A were up to 3.9% higher than those observed at unloading of
balloon B and up to 11.4% higher than those observed at unloading of balloon C. Again, this was
attributed to the fact that the stent achieved a greater diameter at unloading with balloon A than at
unloading of either balloons B or C. These results suggest that angioplasty balloon configuration
had a significant influence on the magnitude of stress predicted within the artery.
3.3. Limitations
The analyses reported in this study suffer from a number of sources of limitation, mainly due to
the geometric and material models that were employed. The geometry of the stent was gener-
ated based on a limited number of dimensions, which are reported in the literature, and as such,
it represents merely an approximation of the actual BX-Velocity stent. In recent studies, accurate
finite element models of various coronary stents have been generated using micro-CT images of the
devices in their crimped configuration [43]. Because of the comparative nature of this study, how-
ever, this limitation should not have an adverse impact on the results of the analyses. Despite this
limitation, for example, the pressure–diameter response of the stent following the free-deployment
analyses was found to be in good agreement with the manufacturer’s compliance data. Furthermore,
the predicted rates of both radial recoil and foreshortening were similar to values reported in the
literature [52, 58].
With regard to the coronary artery, the geometry proposed in this study is heavily idealised
and a realistic geometry derived from patient-specific images would be more in line with current
state-of-the-art research. Because of the comparative nature of this study, however, the geometrical
configuration of the artery is arbitrary and the use of an idealised model should not have a major
influence on the conclusions. Additionally, the mechanical behaviour of the artery was described
using isotropic material models based on properties derived from circumferentially orientated sam-
ples of human arterial tissue. In reality, however, arterial tissue exhibits an anisotropic response
in the circumferential and longitudinal directions [55]. Although limiting, the isotropic descrip-
tion of the artery is plausible, however, as the dominant arterial response during stent deployment
is in the circumferential direction. Finally, when subject to non-physiological loading, damage to
the arterial tissue can elicit an inelastic mechanical response within the artery [59]. This inelas-
tic response may have a significant influence on the behaviour of the artery during coronary
stent deployment.
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4. CONCLUSION
In this study, the influence of the folded configuration of the balloon membrane and its attachment
to the catheter on both the free-deployment of a stent and its impact on the mechanical environ-
ment of the coronary artery have been investigated for the first time. Both the free-deployment of
the stent and its deployment within an idealised model of a coronary artery was investigated using
(a) an idealised non-folded model, (b) an idealised folded model and (c) a state-of-the-art folded
model of a semi-compliant angioplasty balloon. On the basis of the results of this study, it is clear
that angioplasty balloon configuration has very little influence on the deployed configuration of the
stent. This is evident from the deformed configuration of the stent and the rates of radial recoil
and foreshortening predicted in each of the analyses. The configuration of the angioplasty balloon
does, however, have a significant influence on the transient behaviour of the stent and the magni-
tude of stress within both the stent and the artery. This is evident from both the pressure–diameter
response and dog-boning profile of the stent and from the magnitude of stresses predicted in each of
the analyses.
Because of the reduction in computational cost, it is recommended that an idealised angioplasty
balloon model is employed in future studies in which the transient behaviour of the stent and the
magnitude of stresses are not of critical importance. In the initial stages of stent design, for exam-
ple, several analyses may be required to optimise the geometry of the stent. Here, both the folded
configuration of the balloon membrane and its attachment to the catheter should be neglected. In
future studies in which the transient behaviour of the stent and the magnitude and the distribution of
stresses are of critical importance, however, it is recommended that a realistic angioplasty balloon
model is considered. In the latter stages of stent design, for example, it may be important to inves-
tigate the transient behaviour of the stent and its impact upon the mechanical environment of the
coronary artery. Here, the folded configuration of the balloon membrane and its attachment to the
catheter should be included. These recommendations should aid future research in this area.
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